We show that in clustering dark energy models the growth index of linear matter perturbations, γ, can be much lower than in ΛCDM or smooth quintessence models and present a strong variation with redshift. We find that the impact of dark energy perturbations on γ is enhanced if the dark energy equation of state has a large and rapid decay at low redshift. We study four different models with these features and show that we may have 0.33 < γ (z) < 0.48 at 0 < z < 3. We also show that the constant γ parametrization for the growth rate, f = d ln δm/d ln a = Ω γ m , is a few percent inaccurate for such models and that a redshift dependent parametrization for γ can provide about four times more accurate fits for f . We discuss the robustness of the growth index to distinguish between General Relativity with clustering dark energy and modified gravity models, finding that some f (R) and clustering dark energy models can present similar values for γ.
I. INTRODUCTION
The understanding of accelerated expansion of the universe is one of the greatest challenges in physics. It may be caused by a yet unknown form of energy with negative pressure, generically called dark energy, or by a new theory of gravity and space-time. Since different theoretical scenarios and their various models are designed to reproduce the expansion history, from the observational point of view we certainly need to analyze the evolution of cosmological perturbations in order to able to falsify the models and have a better indication of what drives the accelerated expansion.
One particular simple and powerful tool to study the linear growth of cosmic structures and discriminate between the various theoretical possibilities is the growth rate of matter perturbations, f = d ln δ m /d ln a, which is usually parametrized by f = Ω γ m , where Ω m is the matter density parameter and γ the so-called growth index. It is well-known that ΛCDM and quintessence models (minimally coupled canonical scalar fields) can be well described by a scale independent and constant γ 0.55 [1] [2] [3] with very small corrections [4] . Since the underlying theory of gravity in such models is the General Relativity, it is usual to refer to γ GR 0.55 as the value of the growth index in General Relativity. On the other hand, modified gravity models such as f (R) models may have 0.40 γ 0.43 at z = 0, besides being scale dependent [5, 6] , and Dvali-Gadabadze-Porrati (DGP) braneworld gravity model [7] has γ 0.68 [3] . It has been shown by reference [8] that, ongoing observational projects, like Dark Energy Survey [9] , should be able distinguish a deviation of 0.179 from γ GR and future space based projects, like Euclid [10] , a deviation of 0.048, which proves the power of the growth index to falsify the various models of cosmic acceleration.
In the context of quintessence models, dark energy per- * Electronic address: rbatista@ect.ufrn.br turbations are relevant for dark matter growth only on Hubble scales and then are usually neglected on small scales, which are the observationally relevant for the determination of f . This is due to the fact that quintessence perturbations have unitary effective sound speed (in its rest frame), c 2 eff = (δp/δρ) rest = 1 [11] . Hence its sound horizon, ∼ c eff H −1 , is of the order of the Hubble radius and dark energy perturbations are strongly suppressed on smaller scales. However there are models of dark energy based on non-canonical scalar fields in which the effective sound speed is variable and even negligible [12] [13] [14] [15] [16] . When c eff 1 dark energy perturbations grow at the same pace as matter perturbations [17, 18] and can be as large as them when w = p e /ρ e 0 [19] , like during the matter dominated period in Early Dark Energy models. Hence it is possible that in such models the growth of matter perturbations is quite different from quintessence or ΛCDM models. In this case we have to ask whether the values of γ could be mistaken for modified gravity models.
The issue of how to differentiate a new energy component from a new gravity theory has been discussed a lot in the literature, e.g., [20] [21] [22] [23] . Although most smooth dark energy models can be distinguished from modified gravity models, if dark energy can cluster this task can be much more difficult. However reference [23] has recently claimed that clustering dark energy models do not impact the growth index severely, and its value remain near ΛCDM one, so these models could be easily distinguished from modified gravity. Moreover it was found that clustering dark energy models with constant equation of state differ only about 5% from γ GR [24] .
In this paper we will show that if clustering dark energy is allowed to have a large and rapid decay of its equation of state at low redshift, a situation that was not considered in references [23, 24] , then dark energy perturbations will strongly impact the growth index and it would be difficult to distinguish this model from some f (R) models. This paper is organized as follows. In section II we present the background evolution of four dark energy arXiv:1403.2985v1 [astro-ph.CO] 12 Mar 2014 models that we will use to illustrate the impact of dark energy perturbations on the growth index. In section III we present the equations which we use to evolve the linear perturbations. The results for the growth index and the comparison with some modified gravity models are shown in section IV. We present the conclusions in section V.
II. BACKGROUND EVOLUTION
We study a background evolution given by a flat FRW model with pressureless matter (dark matter plus baryons) and dark energy with equation of state parameter w = p e /ρ e , then Friedman equations are given by:
where H =ȧ/a, the dots represent the derivative with respect to conformal time. As usual, matter and dark energy density parameters are given by
and Ω e (a) = ρ e (a) /ρ c (a), where ρ c is the critical density, ρ c (a) = 3H 2 /8πG, and H = H/a is the Hubble parameter as a function of the physical time.
Reference [23] analyzed dark energy models using the Chevallier-Polarski-Linder (CPL) parametrization [25, 26] :
Although it can accurately describe the background evolution of many quintessence models and some modified gravity models, it can not reproduce a rapid transition of w at low redshift. Incidentally, as we will show, if w is allowed to have a rapid transition at low redshift, dark energy perturbations may strongly impact the growth of matter perturbations. In order to demonstrate this we will use the following parametrization [27] :
where w m is the limiting value of w in the matter dominated era, w 0 is the the value of w now (a = 1 or z = 0), a c is the moment of the transition from w 0 and w m and ∆ m is the duration of this transition. The energy density of dark energy is given by: Table I: Table with the parameters for the equation of state of four dark energy models, described by the parametrization in equation (4).
For all models that we study we assume that the matter density parameter now is Ω 0 m = 0.315, according to Planck results for a flat ΛCDM model [28] .
One of the main advantages in the use of the growth index is that if geometrical probes can tightly constrain the background evolution, and then Ω m (a), different theories of gravitation can be distinguished via the different values they predict for γ [2] . Here we want to show that the impact dark energy perturbations on γ can be as large as in some modified gravity models. However, as we will soon discuss, since one of the key parameters that affects dark energy perturbations is w, which also affects the background evolution, in order to make a realistic comparison, we restrict the evolution of w in a way that Hubble parameter instantaneous deviation from the ΛCDM one is no larger than 12%. Keeping that in mind, we choose four different sets of parameters, which are shown in table I. Model A has a smooth transition from w m = −0.2 to w 0 = −0.8, while model B has the same limiting values, but with a fast transition at low redshift. The transition in model C is as fast as in model B, but it has a smaller w m . Finally, model D has the same parameters as in model B, but with w 0 = −0.95. The evolution of w for the four models is shown in figure 1 . Assuming the same Hubble constant for all models, in figure 2 we show the percentage difference of the Hubble parameter of a given model, H (z) mod , relative to the one in ΛCDM,
At z = 1000, model C has Ω e ∼ 10 −5 , but models A, B and D have Ω e ∼ 10 −3 , therefore these three can be considered as Early Dark Energy models. We will show that the combination of large and rapid decay of w at low z can cause important modifications to the growth of matter perturbations. But let us first define the system of equations we will use to evolve the linear perturbations of matter and dark energy and discuss some relevant features of dark energy perturbations.
III. EVOLUTION OF PERTURBATIONS
As already noted in reference [23] , dark energy models with anisotropic stress are not sensible to modifications of the sound speed. Therefore, here we will focus on dark energy without anisotropic stress, hence the system of equations that governs the evolution of matter and dark energy perturbations in the Newtonian gauge, in Fourier space, is given by [29] :
δ e + 3H δp e δρ e − w δ e + (1 + w) θ e = 3 (1 + w)φ , (9)
where
is the squared adiabatic sound speed of dark energy perturbations and the total pressure perturbation is given by [30] :
We integrate this system from z = 1000 to z = 0.
In the case of negligible c eff , dark energy perturbations grow at the same pace of matter perturbations during matter dominated era [17, 18] :
In Early Dark Energy models, which have w 0 during matter dominated era, dark energy perturbations have the same order of magnitude of matter perturbations. Therefore in order to set the initial conditions we have to take this fact under consideration [19] .
Solution (14) is valid on small scales, during matter dominated era and for a constant w, but is also a good order of magnitude estimation for δ e , even during the period of transition to dark energy domination and for varying w [19] . Therefore it is clear that the lower the |w|, the larger the δ e . However we must have w −1 at low redshift in order to dark energy to accelerate the cosmic expansion. Therefore dark energy perturbations will necessarily decrease during the transition to the accelerated expansion. If, however, w has a rapid transition from w 0 to w −1 at low redshift, δ e still can strongly influence δ m now. Moreover during the transition from decelerated to accelerated expansion Ω e grows, partially compensating the decrease of δ e in equation (11) .
It is important to highlight that the impact of dark energy perturbations strongly depends on the evolution of w. It has been shown that two-parameter descriptions of w have strong limitations, particularly being not able to follow and constrain rapid evolution [31] . Therefore the use of such parametrizations certainly will not be able describe the potential impact of dark energy perturbations on the matter growth.
As we will show, the impact of dark energy perturbations on matter perturbations is strongest in model B, which has a rapid and large decay of w at low z. The impact is weaker in model A because of its slower transition of w, which makes the decay of δ e to occur earlier. For model C the impact is even weaker because it has a lower value of w during matter dominated era. In model D, which has the same parameters of model B, but with a value of w much closer to −1 now, the impact is only slightly weaker than in model B.
If c eff is not negligible, dark energy perturbations are much smaller than matter perturbations on small scales, therefore their impact on δ m will be much weaker. This situation may be considered as smooth or non-clustering dark energy and is a feature of nearly all quintessence models, with exception of models with field potentials that can induce a rapid field oscillation [32] . Indeed, as we will show, when we set c eff = 1 for the models that we consider, the growth index is very similar to the ΛCDM one. For more detailed studies about the phenomenology of dark energy perturbations, in both clustering and nonclustering situations, see for instance [17-19, 33, 34] .
In the following section we will study the growth index for the two limiting cases of smooth, c eff = 1, and clustering, c eff = 0, dark energy models. For all the results of the growth index shown in the next section we have fixed the wavenumber to k = 0.2 h Mpc −1 .
IV. GROWTH INDEX
Once we solve the system of equations (7) - (11) we compute f and then determine the growth index as a function of the redshift:
In figure 3 we show, for c eff = 1, the evolution of γ (z) for the models A, B, C and D and also the results for ΛCDM model. As is well-known, we see that ΛCDM model has a nearly constant value of the growth index γ 0.55 and the values of γ (z) in models with smooth dark energy are not too far from it, presenting a mild variation with z.
The results for c eff = 0 are shown in figure 4 . We can clearly see that in the case of clustering dark energy, large deviations from ΛCDM and smooth dark energy models are present, including a strong evolution with time, which clearly suggests that the usual constant growth index parametrization may not be appropriate in these cases. Since for a given model with smooth or clustering dark energy the background evolution is the same, it is clear that dark energy clustering lowers γ and induces an important time variation on it. When we fit the numerical solution of f with a constant growth index, γ 0 , we find that smooth dark energy models have γ 0 0.56 with an accuracy better than 0.5%. For the clustering models, however, since γ (z) has a large variation with z, the constant γ 0 parametrization is much more inaccurate. In figure 5 we show, only for the clustering models, the percentage difference relative to the numerical solution of f ,
where f p is the corresponding parametrized expression. We observe that the constant γ 0 parametrizations for models A and C present errors about 2%, but reaching almost 6% for models B and D at very low z. Given this inaccuracy of the constant γ 0 parametrization in the clustering models, we also study the following redshift dependent parametrization for γ [35] :
In figure 6 we show that the error in this fit is much smaller, always bellow the percent level, expect for very low z in models B and D. Again we note that clustering dark energy models may not be very One interesting aspect that can be analyzed in this redshift dependent parametrizations is the sign and magnitude of γ b , which provides information about the slope of the growth index. It has been noted that in General Relativity the slope is positive [23, 35, 36] . For all clustering dark energy models that we consider we obtain positive slope for the growth index, γ b > 0 (see table II ). Therefore this feature can still be used to discriminate between General Relativity and DGP models, which have negative slope. Moreover DGP model has much higher values of the growth index ( 0.68), whereas clustering dark energy much lower, e.g., γ (z) < 0.48 for models A and B. Hence if future observations point to high values of γ the indication of modified gravity is clear regardless of Table II: Table with the fitted parameters for f with the constant growth index parametrization, γ0, and the redshift dependent parametrization, equation (15) .
the presence of clustering dark energy.
On the other hand, if future observations point to low values of γ, the indication of modified gravity is not clear anymore. In some f (R) models γ (z) 0.42 [5, 6] , which is not very far from the values we have found for clustering dark energy models. Furthermore the slope of the growth index in these f (R) models is positive, just as we found for clustering dark energy. However, since γ is basically monotonically decreasing with z in f (R), whereas in clustering dark energy it eventually reaches a minimum (no lower than 0.33 for models B and D), precise measurements for intermediate redshifts can in principle discriminate between these two scenarios.
In table II we present the fitted values for the constant γ 0 and variable γ, equation (17), parametrizations. It is clear that in the presence of clustering dark energy perturbations the values of γ 0 can be well bellow the ΛCDM. When considering the variable γ parametrizations we can see that the values of γ b , which is associated with the time dependence of γ, are one order of magnitude larger than in smooth dark energy models, or clustering dark energy with slowly varying equation of state [23] . This significant time variation of γ is actually an important feature of these clustering dark energy models, which however may also be present in f (R) models [6] .
Therefore we have showed that when dark energy is allowed to cluster the growth index alone may not be a valid way to distinguish between General Relativity and modified gravity. However, this strongly depends on the time variation of w. Then we have to stress that in order to dark energy perturbations to cause an strong impact on the growth rate, dark energy equation of state must have a rapid and large decay at low z. For instance, in model B, the one with largest difference relative to ΛCDM, we have a rapid decay from −0.2 to −0.8 happening around z = 1.
Another interesting point that can be analyzed with the growth index is its potential ability to distinguish between smooth and clustering dark energy models. In the context of Early Dark Energy models it has been shown that galaxy cluster abundances in clustering dark energy models are more similar to the ΛCDM one than the non-clustering models with the same background evo-lution [19] . As we can see in figure 4 dark energy perturbations strongly impacts the growth index, in its values and redshift dependence, making the distinction from the smooth dark energy models, figure 3, easier.
V. CONCLUSIONS
We have showed that clustering dark energy models with a rapid and large decay of equation of state at low redshift have a growth index much lower than in ΛCDM or quintessence models. When fitting a constant growth index we found values in the range 0.43 < γ 0 < 0.51 for the four representative clustering models that we have considered. However we also have observed that the constant γ 0 fit is not very accurate to represent the numerical solution for the growth rate, f , being almost 6% inaccurate for our models B and D.
When fitting f with the variable γ redshift dependent parametrization proposed in reference [35] the accuracy is about four times better, but can still be as large as 1%. In this parametrization, the γ b parameter, associated with the time dependence of γ , is always positive, and one order of magnitude larger for clustering dark energy models when compared to their non-clustering versions. This behavior can be useful in order to distinguish between smooth and clustering dark energy.
The general trend we have found is that clustering dark energy lowers γ and induces an important time variation to it. This is the same behavior found in some f (R) models [5, 6] . Therefore we conclude that if future data on the growth index points to values much lower than in ΛCDM model, the interpretation of the result as a clear evidence of modified gravity is not straightforward.
